Background: Knowledge of the morphological and biochemical alterations occurring in skeletal muscles of obese animals is relatively limited, particularly with respect to non-limb muscles and relationship to fibre type. Objective: Sternomastoid (SM; fast-twitch), extensor digitorum longus (EDL; fast-twitch), and soleus (SOL; mixed) muscles of ob/ob mouse (18-22 weeks) were examined with respect to size (mass, muscle mass-to-body mass ratio, cross-sectional area (CSA)), fibre CSA, protein content, myosin heavy chain (MHC) content, MHC isoform (MHC i ) composition, MHC i -based fibre type composition, and lactate dehydrogenase isoenzyme (LDH iso ) composition. Results: Compared with (control) muscles from lean mice, all the three muscles from ob/ob mice were smaller in size (by 13-30%), with SM and EDL being the most affected. The CSA of IIB and IIB þ IID fibres (the predominant fibre types in SM and EDL muscles) was markedly smaller (by B30%) in ob/ob mice, consistent with differences in muscle size. Total protein content (normalised to muscle mass) was significantly lower in EDL (À9.7%) and SOL (À14.1%) muscles of ob/ob mice, but there were no differences between SM, EDL, and SOL muscles from the two animal groups with respect to MHC content (also normalised to muscle mass). Electrophoretic analyses of MHC i composition in whole muscle homogenates and single muscle fibres showed a shift towards slower MHC i content, slower MHC i containing fibres, and a greater proportion of hybrid fibres in all the three muscles of ob/ob mice, with a shift towards a more aerobic-oxidative phenotype also observed with respect to LDH iso composition. Conclusion: This study showed that SM, EDL, and SOL muscles of ob/ob mice display size reductions to an extent that seems to be largely related to fibre type composition, and a shift in fibre type composition that may result from a process of structural remodelling, as suggested by the increased proportion of hybrid fibres in muscles of ob/ob mice.
Introduction
The survival and well-being of an organism depend, to a large extent, on the ability of skeletal muscle to (i) produce locomotor and non-locomotor movement; (ii) maintain body posture and stabilise joints; (iii) support and protect soft internal organs; (iv) contribute to the maintenance of glucose homeostasis and regulation of whole-body carbohydrate metabolism; and (v) maintain body temperature. It is known that this ability is closely related to the cellular diversity of the skeletal muscle tissue. 1 In an obese organism, skeletal muscle must fulfil its highly complex functions under conditions of increased body mass, 2 reduced activity, 3 and other physical (e.g. higher respiratory rate 4 ) and hormonal (e.g. elevated glucocorticoids 2, 5 and adipokines 6 ) changes associated with obesity.
Under these conditions, one would expect that muscles undergo morphological and biochemical alterations, which could contribute to the pathogenesis of, and the pathologies associated with, obesity, as well as influence contractile performance. Clearly, identifying and characterising these alterations is important for gaining further insights into this widespread, chronic, and complex condition, and also for enabling the effective use of physical exercise as a therapeutic tool in the management of the disease. The genetically obese mouse (C57BL/6J-ob/ob (B6.V-Lep ob )) is a commonly used animal model for exploring the pathophysiology of obesity, yet knowledge of the morphological and biochemical alterations of skeletal muscles in this organism is relatively limited, particularly regarding their occurrence in non-limb muscles and their relationship to fibre type. This is because, to date, investigations of skeletal muscle characteristics in the ob/ob mouse have been carried out mostly [7] [8] [9] on hindlimb muscles, such as extensor digitorum longus (EDL) and soleus (SOL), and involved histochemistrybased fibre typing, a method unable to detect fibres expressing the IId/x myosin heavy chain (MHC) isoform (type IID/X fibres) and fibres co-expressing several MHC isoforms (hybrid fibres). 1 In this study, we addressed the aforementioned cognitive gaps by examining, at whole muscle and single fibre level, several morphological and biochemical characteristics of three skeletal muscles, differing with respect to anatomical location, physiological function, and fibre type compositionFsternomastoid (SM) (fast-twitch neck muscle known to assist in head/neck rotation and respiration 10 ), EDL (predominantly fast-twitch hindlimb muscle; locomotor 11 ), and SOL (mixed slow/fast-twitch hindlimb muscle; primarily postural 11, 12 )Ffrom adult (18-22 weeks) ob/ob mouse and its lean control. The characteristics examined include muscle mass and cross-sectional area (CSA), fibre CSA, total protein content, MHC (myofibrillar marker of contractile kinetics) content, MHC isoform (MHC i ) composition, fibre type composition, and lactate dehydrogenase isoenzyme (LDH iso ; cellular metabolic marker) composition. It is important to note that the fibre typing method used in this study, that is electrophoretic analysis of MHC i composition in single fibre segments, is able to identify both type IID/X and hybrid fibres. 1 
Methods

Animals
Male (obese) C57BL/6J-ob/ob (B6.V-Lep ob ) and lean C57BL/6J mice, aged 18-22 weeks, were used in this study. The mice were housed in a temperature-controlled environment (21-221 C) on a 12:12 h light:dark cycle, with access to water and standard chow ad libitum. Before experimentation, the animals were euthanized by isoflurane (Abbott, Botany, NSW, Australia) overdose.
Measurement of body size and whole muscle morphology characteristics Immediately after killing and weighing, the animal was placed on a bed of ice and muscle dissection was carried out under a stereomicroscope (Nikon SMZ645, www.nikon. com/). The muscle was then attached to a force transducer and the twitch force was measured at different lengths using standard laboratory techniques. 9, 13 In this study, the muscle length (L 0 ) was the length at which the muscle generated maximum peak twitch force. After measuring L 0, tendons and non-muscle material were carefully removed and the muscle weighed to the nearest 0.1 mg. Cross-sectional area of the muscle (CSA m ) was calculated by dividing muscle mass by L 0 and muscle density (see below). After measurements, muscles were stored at -841 C for future homogenisation and biochemical analyses. Note: unless stated otherwise, all chemicals were obtained from Sigma (www.sigmaaldrich.com/).
Muscle density
The density (D) of SM, EDL, and SOL muscles from ob/ob and control mice was determined using the following equation:
where PR is the total protein content/mg muscle, TG is the lipid content/mg muscle, GLY is the glycogen content/mg of muscle, W s is the water (and dissolved solutes) content in 1 mg of muscle ( For PR values, we used the data obtained in this study. For TG values, we used the data of Lessard et al. 17 for EDL and SOL in obese and lean rodents, expressed as mg mg À1 muscle using a molecular weight of 800 Da for an average triglyceride and the value of 3.66 for the ratio of muscle (wet) mass/muscle dry mass. 18 For GLY values, we used the EDL and SOL data of Goodman and Stephenson 18 for the EDL and SOL muscles from the lean animals and the ob/ob gastrocnemius muscle data of Kaidanovich-Beilin and EldarFinkelman 19 for all three muscles from obese animals. The TG and GLY values for SM (fast-twitch muscle) were assumed to be the same as for EDL.
Preparation and measurement of single muscle fibre segments A muscle to be used for single fibre dissection was immediately blotted dry and placed in a Petri dish, under paraffin oil (Ajax Chemicals, Cheltenham, VIC, Australia), on a bed of Sylgard 184 transparent resin (Dow Corning, www.dowcorning.com/). Single muscle fibre segments were isolated and their length and diameter measured (for calculation of single fibre CSA) using a dissecting microscope (Olympus SZPT, Shibuya, Tokyo, Japan), video monitoring system (Panasonic WV-BP100 CCD camera; Panasonic WV-BM900 monitor, www.panasonic.net/), and precision calipers (Mitutoyo, Japan), as described in Bortolotto et al.
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Muscle homogenisation for biochemical analyses and protein determination in muscle homogenates Whole muscles were placed in 6 volumes (note: 1 volume (ml) E1 g wet muscle mass) of relaxing solution (containing 90 mM HEPES, 126 mM K þ , 36 mM Na þ , 1 mM Mg 2 þ , 50 mM EGTA total , 8 mM ATP total , 10 mM CrP (pH 7.10) and homogenised manually, on ice, with a glass/glass homogeniser. 
) was also applied to gels to allow for the identification of the individual MHC isoforms in each sample when stained for visualisation. Electrophoresis was carried out at constant voltage (150 V) at 51 C for 27 h.
Myosin heavy chain content in whole muscle homogenates was determined by SDS-PAGE (T ¼ 12%, C ¼ 2.6%), under conditions in which the MHC isoforms co-migrated as a single band and using purified rabbit MHC (Sigma M7659) as a standard. Electrophoresis was conducted at constant current (20 mA) at room temperature (RT ¼ 251 C) for 4 h. Whole muscle homogenate samples (6 ml sample containing 3 mg of protein per well) of unknown MHC concentrations were run on the same gel with a series of known concentrations of MHC standard in the range of 0.204-1.633 mg. This standard range was chosen based on published estimates of myofibrillar protein as a proportion of total muscle protein (60% 23 ), myosin as a proportion of myofibrillar protein (43% 23 ), and MHC as a proportion of myosin (85% 24 ). A linear relationship between the optical density of the MHC bands produced by the standards and their known MHC content provided a standard calibration curve based on which the MHC content of the mouse samples on each gel was determined. Note that the MHC concentration of the Sigma (M7659) stock suspension was verified in the laboratory by Biuret method, 25 in accordance with the manufacturer's (Sigma-Aldrich, www.sigmaaldrich.com/) certificate of analysis.
To ensure that the variability in MHC content reflected intermuscle differences rather than experimental error (i.e. variability in the volume applied to electrophoretic wells), a control experiment was carried out. This involved application, in triplicate, of 6 ml samples from mouse skeletal muscle homogenates to the same gel. After electrophoresis, protein staining, and laser densitometry, optical density values within each set of triplicate samples were compared and the coefficient of variation (CV) derived. For five sets of triplicate samples, the mean CV ± s.e. was 2.9 ± 0.6%.
Protein visualisation and quantitation on SDS-polyacrylamide gels Myosin heavy chain isoform bands in whole muscle homogenate samples and MHC bands for quantitation of MHC content were stained with Coomassie Brilliant Blue (Bio-Rad., www.bio-rad.com/). Myosin heavy chain isoforms bands in single fibre samples were stained with the Bio-Rad Silver Stain Plus kit. Volumetric quantitation of electrophoretic bands was carried out using a Molecular Dynamics Personal Densitometer (Molecular Dynamics, Sunnyvale, CA, USA). Background correction was performed using the object average method (ImageQuaNT V5.2 software, Molecular Dynamics), which provided a measure of optical density for each MHC isoform/band.
Sample preparation for LDH iso analysis
For LDH iso analysis, the muscle was homogenised in 4 volumes of 0.9% NaCl. The homogenate was centrifuged at 12 000 r.p.m. for 15 min at 51 C and the supernatant (tissue extract) was immediately stored at -841 C. Lactate dehydrogenase markers were produced in the laboratory from mouse cardiac and liver tissues, which when combined contained all five LDH isoenzymes. Tissue extracts were further diluted (SM, 1:10; EDL, 1:10; SOL, 1:2; cardiac, 1:2; liver 1:10) with a solution containing 0.5 mg ml À1 bromphenol blue (Pharmacia Biotech, www.gelifesciences.com/) and 40% sucrose (Ajax Chemicals) for PAGE separation of LDH isoenzymes.
PAGE separation of LDH iso
For LDH iso separation by PAGE, precast 12% acrylamide, Tris-glycine mini (0.1 Â 10 Â 8 cm) iGels (NuSep, Frenchs Forest, NSW, Australia) were used in conjunction with the Mini-Protean 3 Electrophoresis Cell (Bio-Rad). The sample size was 10 ml and the running buffer (pH 8.9) contained 0.1 M Tris (ICN Biomedicals, Seven Hills, NSW, Australia) and 0.1 M glycine (ICN Biomedicals). For LDH iso identification, each gel contained LDH markers. Electrophoresis was carried out at RT for 180 min. The current was set first at 40 mA, until the voltage reached 125 V (B105 min), and then was decreased to 30 mA for the remaining 75 min. After electrophoresis, the gels were incubated, with gentle agitation, at RT, in the enzyme staining solution containing 0.1 M Tris, 0.1 M glycine, 0.457 mM phenazine methosulfate, 0.452 mM NAD þ (Roche, www.roche-australia.com/), 0.098 mM nitrotetrazolium blue, and 0.29% (v/v) sodium lactate (Ajax Finechem, www.ajaxfinechem.com). After staining, gels were washed (3 Â 5 min washes) and then placed in a stop solution (5% acetic acid). Quantitation of LDH iso bands was carried out by laser densitometry using the object average background correction method.
Statistical analysis
All results are presented as mean ± s.e. of the mean (s.e.), unless otherwise stated. Student's independent t test (twoAlterations in skeletal muscles of ob/ob mouse JG Kemp et al tailed, unless otherwise indicated) was used to detect differences between ob/ob and lean mouse groups. To test for differences in the proportions of pure and hybrid fibres between ob/ob and lean mouse groups, a w 2 test was used.
Statistical significance was accepted as Pp0.05. Sample size is denoted by n.
Statement of ethics
We certify that all applicable institutional and governmental regulations concerning the ethical use of animals were followed during this research.
Results
Body size, muscle size, muscle protein content, and muscle density At 18-22 weeks of age, the mean body mass of ob/ob mice (53. 03±0.66 g, n ¼ 25) was 81% greater (Po0.0001) than that of their lean counterparts (29.22±0.36 g, n ¼ 31). The mean mass of muscles from ob/ob mice was consistently smaller than that of control muscles (Table 1) , but the magnitude of the difference was muscle specific with SM, EDL, and SOL being 30% (P ¼ 0.0007), 21% (Po0.0001), and 13% (P ¼ 0.045) smaller, respectively. Given the body size differences between the two groups of animals, the muscle mass-to-body mass ratios for all the three muscles from ob/ob mice were markedly lower (SM, À62%; EDL, À56%; SOL, À52%) than those obtained for the lean counterparts (Table 1) . There is compelling evidence that the intramuscular fat content is higher in obese mammals, including rodents, 7, 26 than in controls. This raises the possibility that the protein content in muscles from obese animals is lower than that in controls. In this study, we measured both the total protein and MHC (the major myofibrillar protein) content in SM, EDL, and SOL muscles from ob/ob and lean mice. The values obtained (normalised to muscle mass (mg protein/mg muscle)) for ob/ob and lean mice, respectively, were as follows: SM (protein, 168
The total protein content values for the ob/ob mice were significantly lower (one-tailed t-test) for EDL (P ¼ 0.033) and SOL (P ¼ 0.05) muscles, but not for SM (P ¼ 0.11). The values for the MHC content in all the three muscles from ob/ob mice were not significantly lower (P40.27; one-tailed t-test) than those for controls.
In a subpopulation of muscles used for contractile measurements, it was found that mean length (L 0 ) of muscles from ob/ob mice was not statistically different from that of their counterparts from lean mice for SM (P ¼ 0.310), EDL (P ¼ 0.349), or SOL (P ¼ 0.582). Assuming that muscles from ob/ob and lean mice possess the same length of tendons, this finding suggests that bone lengths are similar between the two animal groups examined in this study.
The densities of the three muscles from obese and lean mice, respectively, estimated using Equation (1) Table 1 , were used to calculate the CSA of SM, EDL, and SOL muscles from ob/ob and lean mice and these values are also given in Table 1 . The lower CSA m for SM (À29%), EDL (À24%), and SOL (À16%) muscles from ob/ob mice was quantitatively consistent with the decrement observed in muscle mass. Note that the muscle density value estimated here for SM and EDL is similar to the commonly used value for mammalian skeletal muscle of 1.06 mg mm À3 27 and that the increased muscle fat content in obese animals reduces the overall muscle density by less than 1%.
Single fibre size
To address the possibility that the significantly smaller size of SM, EDL, and SOL muscles from ob/ob mice is related to smaller fibre sizes, measurements were made of the diameters of electrophoretically typed, single fibres randomly dissected from these muscles. From these measurements, single fibre CSA values were calculated assuming the fibres are cylindrical. Figure 1 shows the frequency distribution of calculated fibre CSA values (partitioned into 300 mm Alterations in skeletal muscles of ob/ob mouse JG Kemp et al
As seen in Figure 1, ) and lean (712 ± 33 mm 2 ) mice. These findings were extended by relating the mean values for fibre CSA to the MHC i composition (fibre type) of the fibres dissected from the two muscle groups. In Table 2 the data grouped are provided according to fibre type and muscle of origin. As it will be reported in detail later, the single fibre population dissected from the SM, EDL, and SOL muscles of ob/ob and lean mice comprised four types of pure fibres (I, IIA, IIB, and IID) and nine types of hybrid fibres Table 2 , not all fibre types were detected in the fibre populations dissected from each muscle group, and not all data were obtained from a large enough sample size to allow statistical analysis. Notwithstanding these limitations, the values presented in Table 2 lead to two important conclusions. First, a large difference in CSA between fibres from ob/ob and lean mice was observed for type IIB and types IIB þ IID fibres. This was valid for both SM and EDL muscles, with the CSA of type IIB and types IIB þ IID fibres from SM of ob/ob mice being 28% (Po0.0001) and 33% (P ¼ 0.002) smaller, respectively, and the CSA of types IIB and IIB þ IID fibres from EDL of ob/ob mice being 30% (Po0.0001) and 25% (P ¼ 0.033) smaller, respectively. Second, type IIB fibres were not detected in the SOL muscles and types IIB þ IID fibres were only detected in SOL muscles of the lean group. However, of the fibre type groups detected in the population of SOL fibres (I, IIA, I þ IIA, and IIA þ IID) that satisfied the sample size requirement (nX3) for statistical analysis, none displayed CSA differences between ob/ob and lean mice.
MHC i composition
The MHC i composition of SM, EDL, and SOL muscles from ob/ob and lean mice was determined electrophoretically using whole muscle homogenates, and representative electrophoretograms are shown in Figure 2 Alterations in skeletal muscles of ob/ob mouse JG Kemp et al
As seen in the bar graphs presented in Figure 3 , marked differences in MHC i composition were observed among SM, EDL, and SOL muscles of lean mice, with SM containing MHC IIa, IIb, and IId, EDL containing MHC IIb and IId, and SOL containing all four MHC isoforms. When comparisons were made between the data for SM, EDL, and SOL muscles from ob/ob mice and their controls, the following results were obtained: (i) SM from ob/ob mice contained a lower proportion of MHC IIb (À12.4%; Po0.0001) and a greater proportion of MHC IIa ( þ 5.9%; Po0.0001), and MHC IId ( þ 6.5%; P ¼ 0.0002); (ii) EDL from ob/ob mice contained a small amount of MHC IIa (not detected in the control counterpart), a lower proportion of MHC IIb (À8.6%; Po0.0001), and a greater proportion of MHC IId ( þ 7.7%; Po0.0001); (iii) SOL from ob/ob mice displayed a greater proportion of MHC I ( þ 6.9%; P ¼ 0.0006) and a lower proportion of MHC IId (À9.1%; P ¼ 0.0005). Taken together, these data suggest that in ob/ob mice, all three muscles contain a significantly lower proportion of their respective 'faster' MHC isoforms (IIb for EDL and SM; IId for SOL) and a significantly higher proportion of their respective 'slower' MHC isoforms (IIa and IId for SM; IId for EDL; I for SOL) than their counterparts from lean mice.
LDH iso composition
The proportional LDH iso distribution in a skeletal muscle has been used as a marker of its anaerobic-glycolytic (high % of M subunit-rich isoenzymes) and aerobic-oxidative (high % of H subunit-rich isoenzymes) capacities, and for monitoring changes in its metabolic profile when subjected to altered pathological/physiological conditions. 28 Table 3 shows the mean relative proportion of each LDH isoenzyme (LDH1-H 4 , LDH2-H 3 M, LDH3-H 2 M 2 , LDH4-HM 3 , and LDH5-M 4 ) in whole SM, EDL, and SOL muscles from ob/ ob and lean mice. It was found that all three muscles from ob/ ob mice displayed a shift towards a more aerobic-oxidative metabolic profile. Thus, when compared with their lean counterparts: (i) SM muscles from ob/ob mice contained a 7.9% lower proportion of the LDH5-M 4 isoenzyme (P ¼ 0.0007) and a 1.4% (P ¼ 0.008) and 6.5% (P ¼ 0.001) greater proportion of the H subunit-containing LDH3-H 2 M 2 and LDH4-HM 3 isoenzymes, respectively; (ii) EDL muscles from ob/ob mice contained a 6.8% lower proportion of the LDH5-M 4 isoenzyme (P ¼ 0.034) and a 6.8% greater proportion of the H subunit-containing LDH4-HM 3 isoenzyme (P ¼ 0.019); and (iii) SOL muscles from ob/ob mice contained a 12.2% lower proportion of the LDH5-M 4 isoenzyme 
Fibre type composition
In Figure 4 are shown representative electrophoretograms of the 13 MHC i -based fibre types detected among the single fibres dissected from the SM, EDL, and SOL muscles from ob/ ob and lean mice. These include four fibre types expressing only one MHC isoform (pure fibre types; lanes 2-5) and nine fibre types expressing two or more MHC isoforms (hybrid fibre types; lanes 7-15). In Figure 5 are shown the relative proportions of individual fibre types in the single fibre populations dissected from the SM, EDL, and SOL muscles of ob/ob and lean mice. The fibre populations dissected from SM (117 fibres from 20 muscles), EDL (111 fibres from 20 muscles), and SOL (68 fibres from 14 muscles) of lean mice contained 17.1, 4.5, and 42.7% hybrid fibres, respectively. By comparison, the fibre populations dissected from SM (66 fibres from 6 muscles), EDL (117 fibres from 23 muscles), and SOL (68 fibres from 9 muscles) of ob/ob mice produced a consistently higher proportion of hybrid fibres: 31.8% for SM (Po0.001), 18.0% for EDL (Po0.001), and 51.5% for SOL (P ¼ 0.060). Figure 5 also shows that the single fibre population dissected from SM of ob/ob mice contained a smaller proportion of type IIB fibres (À25.3%) and a larger proportion of types IIB þ IID fibres ( þ 12.8%). In addition, it contained two 'new' groups of fibres (types IIA and IID) that were not detected in the fibre population dissected from SM of lean mice. The single fibre population dissected from EDL of ob/ob mice contained a smaller proportion of type IIB fibres (À13.4%), a larger proportion of types IIB þ IID fibres ( þ 11.7%), and an additional fibre type group viz. types IIA þ IIB fibres. The detection of a small number of types IIA þ IIB fibres is consistent with the detection of a small amount of MHC IIa isoform in EDL muscle homogenate samples from ob/ob mice (Figure 3 ). In addition, seen in Figure 5 , the population of fibres dissected from SOL of ob/ob mice yielded seven types of fibres, whereas that from SOL muscles of lean mice produced 12 fibre types, with an obesity-related decrease in type II-only fibres (À29.4%) and an increase in types I þ II hybrids (29.5%).
Discussion
Our data show that all three muscles (SM, EDL, SOL) from the genetically obese mouse examined in this study, regardless of their anatomical location or primary physiological function, differ from their control counterparts with respect to size (smaller) and fibre type composition (higher proportion of slower, more aerobic-oxidative fibres; higher proportion of hybrid fibres). As the presence of hybrid fibres in muscles from diseased animals is generally regarded as an indicator of muscle transformation associated with the disease, 1 it is likely that the above differences reflect morphological and biochemical alterations associated with the obese condition. Alterations in skeletal muscles of ob/ob mouse JG Kemp et al
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Obesity-related decrement in muscle mass and fibre CSA A major contributing factor to the smaller mass (and CSA) of SM and EDL muscles in ob/ob mice is the marked reduction in the CSA area of types IIB and IIB þ IID fibres, the predominant fibre type populations in these muscles (SM484%; EDL498%). The mean mass of SM muscles from ob/ob mice was 30% smaller than that of the corresponding muscles from lean mice and, consistent with this difference, the mean CSA of types IIB and IIB þ IID fibres from SM muscles of ob/ob mice was 28 and 33% smaller, respectively, than the control IIB and IIB þ IID fibres. Similarly, the mean mass of EDL muscles from ob/ob mice was 21% smaller than that of control muscles and, again, consistent with this difference, the mean CSA of types IIB and IIB þ IID fibres from EDL muscles of ob/ob mice was 30 and 25% smaller, respectively, than IIB and IIB þ IID fibres of lean mice. By comparison, the CSA area of the predominant fibre types in SOL muscle, viz. types I, IIA, I þ IIA and IIA þ IID fibres, displayed similar values between ob/ob and lean mice and, consistent with this, SOL muscles from ob/ob mice demonstrated smaller decrements in size. Taken together, these data support the proposition that, in obese animals, fast fibres (particularly those expressing MHC IIb isoform) are more susceptible to reductions in size and, thus, morphological alterations observed in whole skeletal muscles of the ob/ob mouse are largely determined by fibre type composition. This proposition is further supported by results obtained by Almond and Enser 7 who showed that muscle mass decrements in biceps brachii from ob/ob mice were accounted for solely by reductions in the CSA of the larger, more glycolytic fibres (i.e. fast white and intermediate white fibres). A small decrease in total protein content per muscle mass was detected in all three muscles from the obese animals; this decrease reached statistical significance for EDL and SOL, but not for SM. Noteworthy, the values of MHC content per muscle mass for SM, EDL, and SOL muscles from ob/ob mice were not statistically significantly lower than those recorded for the control counterparts, which suggests that the obesity-related decrement in muscle size does not involve selective loss of contractile protein.
It has been suggested that a decrease in the local trophic action of long bone growth could be responsible for the reduced skeletal muscle mass observed in the obese mouse. 9 However, in this study, we did not find statistically significant differences in L 0 between the SM, EDL, or SOL muscles of ob/ob and lean mice, in agreement with the findings of Bruton et al. 29 Therefore, these data weaken the case for bone growth as a contributor to obesity-related decrements in skeletal muscle mass. Elevated glucocorticoid levels play a key role in the development of obesity in rodent models 5 and are implicated in muscle atrophy. 30 In the ob/ob mouse, circulating levels of the glucocorticoid corticosterone are raised, 5 as is its sensitivity to the hormone. 31 In fact, when circulating Alterations in skeletal muscles of ob/ob mouse JG Kemp et al concentrations of corticosterone were lowered by adrenalectomy, ob/ob mice displayed improvements in muscle mass gain. 32 Furthermore, glucocorticoids upregulate myostatin expression, 33 a growth factor that acts as a negative regulator of skeletal muscle mass. 34 Increased myostatin expression in rats through dexamethasone administration has been shown to lead to muscle atrophy, 35 whereas in ob/ob mice lacking the myostatin gene, muscle mass was twice that of conventional ob/ob mice at 3 months of age. 36 Taken together, these data suggest that an amplified glucocorticoid presence might be involved in the smaller skeletal muscle mass common to obese rodents. Circulating levels of pro-inflammatory adipokines (e.g. tumour necrosis factor-a (TNF-a)) have also been implicated in the skeletal muscle atrophy of several physiological/ pathological states. 37, 38 In animals treated with exogenous TNF-a 38, 39 or expressing a transgene, 40 losses in muscle mass are observed. Moreover, Buck and Chojkier 39 reported structural irregularities consisting of smaller fibres in skeletal muscles from mice receiving exogenous TNF-a. Tumour necrosis factor-a and other adipokines (e.g. IL-1b and IL-6) are also reported to decrease the expression of skeletal muscle insulin-like growth factor 1, 41 a hormone central to post natal muscle growth. 34 With elevated levels of adipokines present in obese mice, 6 this might further contribute to the obesity-related decrements in skeletal muscle mass observed in this study.
Obesity-related changes in fibre type composition Earlier investigations of limb muscles from adult ob/ob mice have used histochemical methods for determining fibre type composition and have produced inconsistent results. Stickland et al. 8 showed no change in the fibre type composition of biceps brachii or SOL muscles. In contrast, Warmington et al. 9 reported an obesity-related decrease in the proportion of type IIB fibres in SOL and EDL, matched by an increase in the proportion of type IIA fibres in EDL. However, in their study, in which the effects of leptin treatment were explored, evidence for obesity-related fibre type alterations was produced from leptin-and non-leptin-treated mice data grouped together. When the fibre type proportions of these muscles are compared using non-leptin-treated ob/ob and lean mice only, the data suggest little difference in fibre type composition. In this study, the fibre type composition of muscles from the ob/ob and lean mice was established by electrophoretic analysis of MHC i in randomly dissected, single muscle fibres, and confirmed by analysis of MHC i and LDH iso composition in whole muscle homogenates. The results obtained (lower proportion of IIB fibres, lower MHC IIb/IId ratio, lower proportion of LDH5-M 4 , and higher proportion of H-containing LDH isoenzymes in SM and EDL of obese mice; higher proportion of fibres containing MHC I, greater MHC I/II ratio, lower proportion of LDH5-M 4 , and higher proportion of H-containing LDH isoenzymes in SOL of obese mice) are consistent with the idea that, in mice, genetic obesity is associated with a slower, more aerobic-oxidative skeletal muscle phenotype. As all the three muscles examined were found to contain a greater proportion of hybrid fibres (a marker of structural remodelling 1 ), it is likely that this shift in the fibre type composition results from a process of structural remodelling associated with the obese condition rather than from a different developmental pattern followed by the muscles from the two animal groups. This contention is supported by data 7, 42, 43 suggesting that alterations in I  IIA  IID  I+IIA  IIA+IIB  IIA+IID  IIB+IID  I+IIA+IIB  I+IIA+IID  I+IIB+IID  IIA+IIB+IID  I+IIA+IIB+IID   0   10 Alterations in skeletal muscles of ob/ob mouse JG Kemp et al skeletal muscle phenotype in ob/ob mice do not appear until significant progression of obesity. The greater proportion of hybrid fibres detected in SM and EDL muscles of ob/ob mice, and the range of combinations of MHC isoforms co-expressed in these fibres, suggests a process of fibre type transition is taking place in the direction IIB-IID-IIA. In the fibre population dissected from SOL muscles of ob/ob mice, there was a markedly greater proportion of hybrid fibres co-expressing the MHC I isoform than in fibres from lean mice (82.9 vs 42.7%), as well as a greater proportion of the total hybrid fibre count made up of types I þ IIA fibres (51.5 vs 11.1%). These results suggest an active process of fibre type transition in the direction IIB-IID-IIA-I in SOL muscles of ob/ob mice.
The shift towards a slower, more aerobic-oxidative phenotype observed in skeletal muscles from obese mice might result from mechanical, neural, and/or hormonal changes 1 that accompany genetic obesity. One such change is the increase in the functional demand on (i) postural muscles, such as SOL, that are required to support a proportionally greater body mass against gravity; (ii) locomotor muscles, such as EDL, that must overcome the proportionally greater inertia of the limbs during movement; and (iii) muscles of ventilation, such as the accessory SM, 10 that must cope with an increased work of breathing associated with obesity. 4 Earlier work investigating respiratory muscles from genetically obese rodents supports the findings of a shift towards a slower MHC phenotype.
4,44
The shift towards a slower, more aerobic-oxidative phenotype observed in SM, EDL, and SOL muscles from obese mice might also be related to the higher level of circulating glucocorticoids in ob/ob mice. 5 Indeed, fibre type changes in the direction discussed above have been associated with elevated glucocorticoid concentrations. 30, 45 For example, in EDL and plantaris of adult rat, elevated glucocorticoid concentrations lead to alterations that are similar to those obtained for SM and EDL from obese mice in this study, viz. decreases in the MHC IIb and increases in MHC IIa and MHC IId isoform proportions. 30 Polla et al. 45 In conclusion, this study showed that SM, EDL, and SOL muscles of ob/ob mice display size and fibre size reductions that seem to be largely related to fibre type composition. These muscles also display a shift in their fibre type composition towards a slower, more aerobic-oxidative phenotype (supported at the whole muscle level by complementary changes in MHC i and LDH iso composition) that likely results from a process of structural remodelling, as suggested by an increase in the proportion of hybrid fibres in these muscles.
